As far we have developed the very high sensitive methods for determining trace and ultratrace elements by combination between flow injection analysis (FIA) with on-line column preconcentrating techniques and inductively coupled plasma mass spectrometry (ICP-MS), such as trace metals (Cr(III), Al, V, Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb and U) in seawater 1-3 and rare earth elements (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) in seawater. [4] [5] [6] Therefore, since an ICP-MS instrument is a high sensitive detector, a hyphenated method by combination between high performance liquid chromatography (HPLC) and ICP-MS, is promising to be sensitive.
Introduction
As far we have developed the very high sensitive methods for determining trace and ultratrace elements by combination between flow injection analysis (FIA) with on-line column preconcentrating techniques and inductively coupled plasma mass spectrometry (ICP-MS), such as trace metals (Cr(III), Al, V, Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb and U) in seawater [1] [2] [3] and rare earth elements (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) in seawater. [4] [5] [6] Therefore, since an ICP-MS instrument is a high sensitive detector, a hyphenated method by combination between high performance liquid chromatography (HPLC) and ICP-MS, is promising to be sensitive.
Speciation of arsenic has acquired significant attention over the past 20 years in both mechanistic and exposure assessment research, because of toxicity of arsenic. While inorganic arsenic species As V and As III have been classified as carcinogenic, the methylated forms, MMA, and DMA have recently been identified as cancer promoters. It is believed that arsenobetaine and arsenocholine, which are highly methyl substituted, are considered to be non toxic. Depending on the kind of organism, different kind and concentrations of arsenic compounds were observed.
In fish and crustaceans, arsenobetaine is a dominant species along with trace of MMA, DMA, TeMAs and TMAO. [1] [2] [3] [4] [5] [6] In marine organism, more than 17 different inorganic and organic species have been reported. 7 In marine algae, arsenosurgars compounds (derivatives of dimethylarsinoylribosides and trimethylarsonioribosides) are most abundant. [2] [3] [4] [5] [6] [7] The analytical speciation of arsenic has been achieved with the use of coupled techniques, which combine a separation process (chromatography) with suitable detection. Hydride generation atomic absorption spectrometry (HG-AAS) has been used for arsenic speciation in which online thermal or microwave oxidation was employed for converting many organoarsenicals into hydride forming one. 8 Better sensitivity has been achieved with the use of HG-atomic fluorescence spectrometry (HG-AFS). [9] [10] [11] Nevertheless, ICP-MS [12] [13] [14] [15] [16] [17] [18] [19] is widely used for arsenic speciation analysis since it offers extremely high sensitivity, large dynamic range and easy coupling to HPLC. Especially, electrospray tandem mass spectrometry (ES-MS/MS) 4,20-23 was used for structural verification of arsenosugar compounds.
Arsenicals have widely varying ionic characteristics, which are pH dependent. The anionic species As III , As V , DMA and MMA, can usually be resolved using anion exchange HPLC. Arsenobetaine (pKa 2.2) may be cationic or zwitter ionic. Cation exchange can be used to separate the cationic species arsenobetaine, arsenocholine, TeMAs and TMAO. 13 Alternatively, ion pairing reversed phase HPLC can be used to resolve inorganic and organoarsenicals in single chromatographic run with help of ion pairing agents. Tetrabutyl ammonium hydroxide is common ion pairing agent used for separating anionic species and pentanesulfonate or hexanesulfonate 16 for separating cationic species. Kohlmeyer et al. 7 have demonstrated the separation of 17 arsenic species (eight arsenic species, two arsenosugars and seven unknown species) from various seafood products using nitric acid pH Arsenic speciation analysis in marine samples was performed using high performance liquid chromatography (HPLC) with ICP-MS detection. The separation of eight arsenic species viz. arsenite (As III ), monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), arsenate (As V ), arsenobetaine, trimethylarsine oxide (TMAO), arsenocholine and tetramethylarsonium ion (TeMAs) was achieved on a Shiseido Capcell Pak C18 column by using an isocratic eluent (pH 3.0), in which condition As III and MMA were co-eluted. The entire separation was accomplished in 15 min. The detection limits for 8 arsenic species by HPLC/ICP-MS were in the range of 0.02 -0.10 µg L -1 based on 3σ of blank response (n = 9). The precision was calculated to be 3.1 -7.3% (RSD) for all eight species. The method then successfully applied to several marine samples e.g., oyster, scallop, fish, and shrimps. For the extraction of arsenic species from seafood products, the low power microwave digestion was employed. The extraction efficiency was in the range of 52.9 -112.3%. Total arsenic concentrations were analyzed by using the microwave acid digestion. The total arsenics in the certified reference materials (DORM-2 and TORT-2) were analyzed and agreed with the certified values. The concentrations of arsenics in marine samples were in the range 6.6 -35.1 µg g -1 . gradient. Although the method was very sensitive and the detection limits were in the range from 0.008 µg g -1 for As III to 0.040 µg g -1 for MMA, it requires a costly gradient pump. Therefore, the separation of arsenic species with an isocratic elution by a use of conventional pump is desired for routine analysis of arsenic species.
The present paper describes the use of Capcell Pak C18 ODS reverse phase column to separate eight arsenic species viz As III , MMA, DMA, As V , arsenobetaine, TMAO, arsenocholine and TeMAs in single chromatographic run in combination with ICP-MS detection.
The proposed method was validated by analyzing certified reference material DORM-2 (dogfish muscle), TORT-2 (lobster) and applied to several marine samples e.g., oyster, schallop, fish, and shrimps.
Experimental

Reagents and standards
For the preparation of reagents and standards, Milli-Q (MQ) (Millipore, Milford, MA, USA) water of 18.3 MΩ cm was used. All reagents used were of analytical grades. Concentration of arsenic species is always given as the concentration of elemental arsenic. As III (1000 mg L -1 ) was made by dissolving 0.1733 g of NaAsO2 in 100 mL deionized water and As V (1000 mg L -1 ) was made by dissolving 0.416 g of Na2HAsO4 in 100 mL of water. The stock solutions (1000 mg L -1 ) for MMA, DMA, arsenocholine, arsenobetaine, TMAO and TeMAs were prepared separately by dissolving corresponding amounts of salts, procured from Trichemical Laboratories Inc. (assay: >98% for all salts), Japan.
All solutions were stored refrigerated and in the dark to prevent decomposition or oxidation. The final mixture prepared daily from a 2.5 mg L -1 standard solution each time. Nitric acid and hydrogen peroxide were of analytical grade.
Reference material
The certified reference material, DORM-2 (dogfish muscle) and TORT-2 from National Research Council, Canada was used for validating the proposed procedure.
Instrumentation
The chromatography system consisted of Dionex pump (Dionex Corp, USA), a Rheodyne Model 9125 six-port injection valve fitted with 10 -100 µL sample loops. A Capcell Pak C18 ODS analytical column (250 × 4.6 mm, Shiseido, Japan) was used. The effluent from the column was connected to the concentric nebulizer in the cyclonic chamber of Elan 6000 ICP-MS (Perkin Elmer, USA). The ICP-MS instrument was first optimized off-line for arsenic with an aqueous As V standard each time. The intensity of isotope at m/z 75 was measured and the isotope of 40 Ar 37 Cl was monitored for the interference at all instances. PROLABO (MCS950) microwave instrument was used for arsenic extraction and wet digestion.
Chromatographic conditions
To separate eight arsenic species, isocratic elution was employed on Capcell Pak C18 ODS reverse phase column. Mobile phase was a 2 mM malonic acid, 0.3 mM 1-butanesulfonic acid and 5 mM 1-hexanesulfonic acid in 0.5% methanol (pH 3.0). 31 The arsenic signals were monitored and their data were acquired using ELAN 6000 software. These raw data were later transferred into Total Chrom Work station Ver. 6.2 (Perkin Elmer Inc., USA) to evaluate retention times, peak areas/peak heights. Peaks were identified according to retention time and confirmed by standard addition of arsenic compounds. The arsenic concentrations in real samples were quantified via peak areas on the basis of calibration curves of the known forms. The chromatographic gradient program and instrumental operating conditions of HPLC-ICP-MS are given in Table 1 .
Samples
Oyster, fish and shrimp were purchased from local market. These samples were directly freeze dried continuously for 3 days to a constant weight and finely powdered in a mixer, then stored in desiccators. The resulting powder was used for extraction of arsenic.
Total arsenic concentration
The total arsenic concentrations in natural samples were determined after microwave acid digestion using closed vessel system following the procedure.
Aliquots of ∼100 mg powdered samples were weighed into the pre-cleaned, Teflon vessels. After addition of 5.0 mL of suprapure nitric acid and 2.0 mL of H2O2 (30% (v/v)), the vessels were closed and kept at room temperature for 15 min. The vessels were then mounted in the rotor, which was placed in the microwave oven (PROLABO MCS950), and 8 step digestion program was started (time in min, power in W): 2, 250; 0.5, 0; 5, 300; 0.5, 0; 5, 450; 0.5, 0; 5, 600; 10, 0 (ventilation). After cooling, the digests were transferred into 50 mL calibrated flasks and diluted with MQ water. Total arsenic contents in these sample solutions were determined by direct ICP-MS after further 10 times of dilution.
Extraction of arsenic compounds DORM-2 and natural marine samples. An aliquot of ∼100 mg dried powder of various samples such as DORM-2, oyster, fish muscle, shrimp muscle and shrimp shell were separately weighed into Teflon vessels in triplicates and 10 mL of distilled water was added into those vessels. These samples were digested using low power microwave (50 W, 10 min) under closed system using PROLABO microwave instrument. After cooling, these suspensions were centrifuged at 2500 rpm for 15 min. The supernatant extracts were filtered through 0.45 µm Millipore filter and refrigerated at 4˚C until analysis. These extracts were further diluted to 10 times with Milli-Q water prior to the analysis. The speciation analysis of all sample extracts has been carried out within 3 days after the sample preparation.
40
ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 
Results and Discussion
Chromatographic separation
The separations of 8 arsenic species, which are available commercially, were investigated. The pH of elution was changed by addition of amount of tetraethylammonium hydroxide solution and ammonia water. Since the arsenic compounds were separated as well in below pH 3 and over pH 10 regions, the pH of eluent was adjusted to 3. The template separations of 8 species containing 1 µg L -1 at pH 3 are shown in Fig. 1 , by using 10 µL to 100 µL were shown in Fig. 1 . As the sample volume increased, the sensitivity of arsenic increased. In this separation, As III and MMA could not be separated, and the second peak contains both As III and MMA.
Detection limits and precision
The analytical characteristics of the method i.e., detection limit, precision and linearity were evaluated for each arsenic species. The characteristic performance of HPLC-ICP-MS using a 100 µL sample injection is given in Table 2 . The detection limits (DLs) were calculated based on 3σ of baseline noise at the peaks' retention time (n = 9). The DLs obtained were from 0.02 µg L -1 (Arsenobetaine) to 0.10 µg L -1 (TeMAs). These values are better than the previous reported literature. 24 The repeatability of HPLC-ICP-MS was examined by 3 consecutive run at 1 µg L -1 and RSD values were in the range from 3.1% to 7.3%. The retention time of each arsenic compound were also shown to be reproducible. A six point calibration in the range of 1 -200 µg L -1 was obtained for all eight species. Peak areas were used for the calibration data. The linearity was calculated by least-squares fit using Excel software and the square correlation coefficient (r) was 0.980 or better for all eight species.
Arsenic extraction
Low power microwave digestion has shown to be mild and fast for the extraction of arsenic species from seafood products. DORM-2 and other seafood samples were extracted as described previously. The extraction procedure was evaluated by determining ratio between extractable arsenic (sum of each species extracted) and total arsenic after acid digestion. DORM-2 extract was initially analyzed for total As and arsenobetaine in order to assess extraction efficiency and obtained satisfactory results in comparison with certified values. Extraction efficiencies were calculated for all sample types, which ranged from 52.9 to 112.3% (Table 3) . Lower recoveries for the marine samples are due to difficulty of complete extraction in organisms.
Interference of chloride ion
Interference by chloride cannot be disregarded in the speciation of arsenic species using a quadrupole ICP-MS. The molecular ions 40 Table 2 Performance of HPLC-ICP-MS using a Capcell PakC18 column a. Detection limits were determined as the elemental concentration giving a signal three times the standard deviation of the blank. b. Repeatability was determined from peak areas of 3 successive analysis at 1 µg L -1
. c. Linear equations have been calculated by best curve fitting for each species using excel. Sample injection, 100 µL. AQ (Model 1110) ion chromatography using an IonPak AS4A analytical column with an Ionpak AG4A guard column. The concentrations of chloride ion in the extracts from marine samples were in the range 41 -397 mg L -1 . Therefore, the interference of chloride ion on the measurements of As by HPLC-ICP-MS was almost neglected. Also, ions at m/z 77 (corresponding to 40 Ar 37 Cl) were monitored simultaneously during the As measurements by HPLC-ICP-MS.
Validation
Total arsenic concentrations in DORM-2 and TORT-2 were obtained to be 17.5 ± 1.1 µg g -1 and 20.0 ± 0.5 µg g -1 , respectively, and these values were within the allowable certified value's error ( Table 3 ). The accuracy of proposed HPLC-ICP-MS procedure was tested by analyzing DORM-2, which is certified for arsenobetaine. The arsenobetaine in the water extracts was dominant species with a concentration of 13.2 ± 0.2 µg g -1 , of which extraction efficiency was 85.7%. The DMA and the TeMAs were 0.41 ± 0.05 and 0.21 ± 0.01, respectively. The arsenobetaine in the 50% methanol was 16.6 ± 0.6 µg g -1 , of which extraction efficiency was 97.8%. However, amounts of other arsenic species were different slightly.
Sample extracts (microwave extraction)
The various sample extracts have been analyzed for arsenic species following the proposed HPLC-ICP-MS procedure. The analytical results are summarized in Table 3 . The chromatogram of Schallop extract is shown in Fig. 3a . Though arsenobetaine is dominant here, reasonable concentrations of As V , As III and MMA, DMA, and TMAO were detected in the range of 0.23 to 0.70 µg As g -1 ( Table 3 ). The fish (Tinu) extract was mainly detected for arsenobetaine with a concentration of 10.6 µg g -1 while minor concentrations of As V and DMA were also presented (Table 3 and Fig. 3b) . Similarly the extract from shrimp muscle has mainly shown the presence of arsenobetaine at higher concentration i.e., 32.7 µg g -1 . The chromatograms of DORM-2 and TORT-2 are shown in Figs. 3c and 3d . The main peak in them was arsenobetaine, which may play an important role in metabolism of arsenic in marine organisms.
Conclusion
The optimized analytical procedure of proposed HPLC-ICP-MS offers sufficient detection limits and reproducibility for the investigation of species patterns of As This procedure was successfully validated by analyzing the certified reference material (DORM-2) and it was also applied to various natural samples e.g., oyster, scallop, fish, and shrimps. Furthermore, a confirmation of unknown peaks 42 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 
